Aquatic bryophytes are frequently used as biomonitors for trace metals in aquatic ecosystems.
INTRODUCTION
The increasing environmental contamination by toxic metals is a relevant worldwide occurrence. They are not biodegradable and tend to accumulate in living organisms. The consequences of their presence in aquatic ecosystems to human health, living organisms in water and consumers of contaminated plants or animals are well known (Volesky 2000) . Lead has been recognized as a potentially dangerous pollutant, in the same class as mercury, arsenic and vanadium (Lazaridis et al. 2003) . Tackett (1987) reports that lead was found to be markedly toxic to human beings when accumulated in high amounts. An adult ingests between 0.3 to 0.6 mg of lead in his diet and a value close to 10% is retained in the organism. As a consequence, lead can damage the kidney, liver and reproductive system, brain functions and basic cellular processes (US EPA 1984) .
Lead is released into the environment through waste streams from lead smelting, lead mining and coal combustion, lead-based paints use and lead-containing pipes in water supply systems, and additionally, from pigments, photographic materials, ceramic glazes, automobile batteries and cosmetics manufacturing (Vincent et al. 2001; Vilar et al. 2005) .
Thus, the removal of toxic metals and particularly lead from waters is an important environmental issue (Naeem et al. 2007) . Traditional methods used for heavy metals removal from aqueous effluents (chemical oxidation or reduction, chemical precipitation, coagulation, complexation) are insufficient to achieve the limits imposed or recommended by national and international water regulatory agencies (Al-Degs et al. 2006) or extremely expensive (ion exchange, activated carbon adsorption, electrolytic removal, reverse osmosis). The high capital investment required, as well as the high operating costs, led to increasing the search of low-cost adsorbents to be used instead of activated carbon (Wase & Forster 1997) . Moreover, in these processes, chemicals are not needed and the maintenance requirements are small.
In recent years several methods based on metalsequestering properties of natural materials of biological origin have been considered for decontamination of metalenriched waters. The principal mechanism involves the formation of complexes between the metal ion and functional groups in the surface or inside the porous material structure, as amino, amido, carboxyl, phosphate, carbonyl and sulfonate groups. Biosorbents include a great variety of materials such as: agricultural sub-products (soybean and cottonseed hulls, rice straw and sugarcane bagasse) (Marshall & Champagne 1995) , aquatic plants (Martins & Boaventura 2002) , peat moss (McKay & Porter 1997) , activated sludge (Aksu et al. 2002) , fungi and bacteria (Zouboulis et al. 2004 ) and algae (Vincent et al. 2001; Vilar et al. 2005) . All these materials are abundant in nature and require little processing.
Since 1990 (Shaw 1990 ) aquatic bryophytes were know for exhibiting both sensitivity and tolerance to a wide range of heavy metals. Factors as the inexistence of a barrier to metal absorption and the absence of a cuticle, which increases the direct access of soluble metals to the cytoplasm, make the aquatic mosses an important support for heavy metals removal from contaminated waters.
To our knowledge, the results reported in the literature concerning lead removal by aquatic mosses are quite scarce. Therefore, the study of the biosorption equilibrium and kinetics of lead ions by the aquatic moss Fontinalis antipyretica seems to be a relevant research topic. Lead was the heavy metal chosen to carry out this study because (i) it is present in many industrial effluents and mine drainage waters directly discharged into rivers and lakes and (ii) it is toxic when in excess, inhibiting plant and microorganism growth. The results obtained in this work can be useful for a future application of aquatic mosses in the decontamination of metal-bearing industrial effluents.
MATERIALS AND METHODS

Lead(II) solutions
All chemicals were analytical grade and purchased from Merck (Darmstadt, Germany). The lead stock solution was prepared by dissolving an accurate quantity of PbCl 2 in deionized water. Other lead working solutions were freshly prepared by diluting the lead stock solution with deionized water. The solution pH was adjusted by adding 0.1 M H 2 SO 4 or 0.1 M NaOH, as required.
The biosorbent
This type of aquatic plants was chosen because their high capacity for assimilating nutrients, toxic organics and heavy metals, which has been related in monitoring programs of rivers water quality. Another's relevant reasons: this material is abundant in nature, require little processing and there is a bit applications in literature about them.
The aquatic moss Fontinalis antipyretica was taken from the Selho River, a tributary of the Ave River in Northern Portugal. The background metal content in mosses was considered to be of natural origin and negligible (sensibly 114 mg g À1 ). The samples were rinsed with river water in situ and then in the laboratory with deionized water, selecting only the green parts of the plants. The plants were dried in an oven at 701C for 24 h and then ground in a Retsch ZM 100 ultra-centrifugal mill at 1400 rpm for approximately 90 seconds. The fraction with particle size between 150 mm-300 mm was selected for this study.
Equilibrium experiments
Equal amounts of 100.0 ( ± 0.1) mg of the biosorbent were accurately weighted and transferred to 100 ml glass bottles and 50 mL of lead solution with concentration between 10 and 100 mg L À1 was added to each bottle. The bottles were then shaken for 24 h at constant room temperature (20 ± 11C) using a rotary shaker (P-Selecta Rotabit). Each experiment was performed in duplicate and blank solutions (metal solution without biosorbent) were shaken simultaneously. The contact time was previously determined from kinetic studies, carried out at the same temperature and stirring rate, as that required to attain equilibrium. After equilibrium was reached the liquid phase was separated from the biosorbent by vacuum filtration through 0.45 mm Gelman Sciences sterilized membranes, and the supernatant was analysed for the residual lead. The metal uptake was calculated by the equation
where V(L) is the volume of lead solution, C 0 (mg L À1 ) is the initial lead concentration, C e (mg L À1 ) is the concentration of lead in solution at equilibrium, and m ads (g) is the mass of biosorbent (dry weight).
Kinetic experiments
The influence of the initial metal concentration and biosorbent dosage on biosorption rate was studied in batch mode.
Erlenmeyer flasks with 100 ml capacity were used in this study, each one containing 50 ml of metal solution of a known initial concentration and a pre-weighted amount of dry biomass. The suspensions were mildly stirred for 300 min on a rotary shaking machine at 140 U min À1 . Biosorption kinetic experiments were performed at constant temperature of 201C, metal concentrations of 10 and 100 mg l À1 and biosorbent dosage of 2 g L À1 . In all cases, the initial pH was adjusted in the range 5.0-5.2 by adding 0.1 M H 2 SO 4 or 0.1 M NaOH, as required. Samples were taken from each flask at pre-determined time intervals, starting at 3 min and ending at 300 min. Then, the solution was filtered (0.45 mm Gelman Sciences sterilized membranes) and the metal concentration in aqueous solution was measured. All the experiments were conducted in duplicate.
Analytical methods
Lead concentrations in the filtrates were determined by acetylene-air flame atomic absorption spectrometry (AAS, Varian Spectra, model S220). The working parameters of AAS were 5.0 mA and 217.0 nm, respectively, for current and wavelength, giving a detection limit of 1 ppm. The instrument response was checked at predetermined times with Pb(II) solution standards. Prior to analysis the samples were acidified with concentrated nitric acid, and stored in acidwashed plastic vessels.
THEORETICAL BACKGROUND Equilibrium isotherms
Two of the most commonly used isotherms were fitted to the experimental results obtained in this study, the Langmuir and Freundlich equations.
The Langmuir model assumes that the adsorbent surface is homogeneous and the biosorption energy for each biosorption site is equal. Metal ions sequestration occurs without mutual interactions between the ions adsorbed at the material surface. Langmuir equation can be represented as:
where C e (mg L À1 ) is the residual metal concentration in solution, q e (mg g À1 ) is the amount of a metal adsorbed, Q max (mg g À1 ) is the amount of metal at complete monolayer coverage, and b (L mg À1 ) is a coefficient related to the heat of biosorption. The initial sorption isotherm curve slope (Q max b )
indicates the biosorbent affinity for the sorbate. The Freundlich model is based on an exponential distribution of biosorption sites and energies and takes into consideration the possible occurrence of interactions between the sorbed ions. The Freundlich equation is:
where K F (mg 1-n g À1 L n ) represents the biosorption capacity when metal equilibrium concentration equals to 1, and n represents degree of biosorption dependence with equilibrium concentration.
Biosorption kinetic models
Kinetic models are a significant tool to identify the controlling mechanism of the biosorption process. They can be divided into two main types: reaction and diffusion-based models. Some kinetic models are only concerned with the effect of the observable parameters on the biosorption overall rate. This is the case of the pseudo-first order (Lagergren) (Lagergren 1898), pseudo-second order (Ho & McKay 1998) , Elovich (Low 1960 ) and intraparticle diffusion (Weber & Morris 1963 ) models presented below.
Pseudo-first order equation:
where q t , q e , k 1 and t are the concentration of metal ion sorbed at time t (mg g À1 ), concentration at equilibrium (mg g À1 ), Lagergren rate constant (min À1 ), and time of reaction (min), respectively.
Pseudo-second order equation:
where k 2 is the pseudo-second order rate constant (g mg À1 min À1 ). The initial sorption rate, r s (i), can be obtained as:
Elovich equation:
where a (mg g À1 min À1 ) and b (g mg À1 ) are empirical model parameters.
Intraparticle diffusion model:
When the diffusion of the metal ions inside the biosorbent is the rate-limiting step, the biosorption data can be fitted by the equation
where k dp is the intraparticle diffusion coefficient (mg g À1 min À1/2 ).
RESULTS AND DISCUSSION
The equilibrium experimental data were fitted to the Langmuir and Freundlich equations by nonlinear regression using the commercial software Fig P from Biosoft (minimizing the sum of the squared deviations between experimental and predicted values).
Effect of pH on lead removal
The results shown in Figure 1 illustrate the effect of pH on Pb(II) removal by the aquatic bryophyte Fontinalis antipyretica. For pH o 3.0 the amount of lead removed is insignificant; this result suggests that the biomass can be regenerated using acidified water. In the pH range 4.0-6.0 the Pb(II) removal remains practically constant and around 97-99%. When the pH increases, the functional groups in the moss particles (phosphate, carboxyl and amino groups) are loaded negatively, then promoting the subsequent attraction and sorption of cations onto the cell surface.
The same trend was observed by Low et al. [26] , when studying the sorption lead from aqueous solutions by spent grain. Nevertheless, at pH Z7 insoluble metal hydroxides start precipitating from the solution. In the following work, experiments were carried out at initial pH 5.0±0.2.
Equilibrium studies
The biosorption capacity of aquatic mosses for Pb(II) was evaluated using the Langmuir (Eq. 1) and Freundlich (Eq. 2) isotherms presented in Figure 2 .
The biosorption parameters obtained from the isotherms at the pre-established experimental conditions are shown in Table 1 . The determination coefficients (R 2 ) presented in Table 1 suggest that Langmuir isotherm describe better the biosorption of Pb(II) by Fontinalis antipyretica than Freundlich isotherm. However, the most effective way to compare the significant improvements introduced by a correlative model against another is to use the F-Test (Montgomery 2001) . F cal is defined as the quotient of the variances of the two models in comparison ð¼ S 2 Freundlich =S 2 Langmuir Þ, where S 2 is the model variance. In the denominator is placed the variance of the model expected to produce the better fitting. From the variances presented in Table 1 , F cal ¼ 5.48, value to be compared with F aÀ1 ¼ 4.28 (a ¼ 95%; f.d. N:D ¼ 5:5,). Since F cal 41 and F cal 4F aÀ1 the Langmuir model fits the experimental data better than Freundlich model, and the improvement is statistically significant.
The calculated maximum biosorption capacity is 68 mg Pb(II) g À1 (0.33 mmol g À1 ), which is a value of Q max that compares favourably with those obtained using other lowcost materials (Table 2) .
Such as previously mentioned in the theoretical approach, the initial curve slope (Q max b) is one of the most important characteristics of the sorption isotherm. The initial slope calculated from the Langmuir isotherm parameters (Table 1) is 68Lg À1 , which indicates a biomaterial with high affinity to lead ions in aqueous solution at low concentration. This is an important property when it is obligatory to achieve low concentrations established by water standards. The affinity of this material to lead is greater than that obtained by a natural sorbent (41.2 L g À1 -Al- Degs et al. 2006) or an algal waste (3.1 L g À1 - Vilar et al. 2005) . Considering the high biosorption capacity showed by Fontinalis antipyretica, this aquatic bryophyte is promising as biosorvent for the removal and recovery of metal ions of industrial effluents can also be used to recovery valuable metals from aqueous diluted solutions.
Kinetic studies
Parameters related to the aqueous solution composition, biosorbent characteristics and the metal ion to be removed certainly influence the mechanism of metal removal by the biosorbent. On the other hand, to design a batch sorption system it is of crucial importance to know the biosorption rate. In this way, it is important to establish the time dependence of such system under various process conditions.
The biosorption rate of lead ions onto Fontinalis antipyretica was determined for initial metal concentrations of 10 and 100 mg L À1 . Kinetic data were evaluated using pseudo-first order, pseudo-second order, Elovich and intraparticle diffusion equations . Figure 3 (a-c) shows a plot of the experimental results for biosorption of Pb(II) on Fontinalis antipyretica as a function of time, and the curves predicted by the kinetic models. The corresponding model parameters are presented in Table 3 . These curves are characterized by a strong increase in sorption capacity by the biosorbent during the first 10 minutes, which gradually decreases until saturation. The sorption process is fast and the equilibrium attained in less than 2 h; so, the biosorption of lead involve purely weak intermolecular forces between the mosses and the metal in aqueous solution. Similar equilibrium times were obtained for sorption of lead by Sphagnum moss (Ho & McKay 2000) and sorption of cadmium and lead by spent grain (Low et al. 2000) . When the initial lead concentration increases from 10 to 100 mg L À1 , an increase of the same order on the biosorbent capacity is observed (Table 3) .
From the reaction models employed in this study (Eqs. 4, 5, 7) there is one, the pseudo-second order model, that shows a good compliance on fitting the experimental data (R 2 ¼ 1.00). The F-Test also indicates that the pseudo-second order model, not only fits better the experimental data than the Lagergren model, but for 95% probability level, significant difference exists between the two models within the concentration range studied (a ¼ 95%; f.d. N:D ¼ 10:10, F cal(P11st/ P2nd) ¼ 3.05, F aÀ1 ¼ 2.98). Figure 3d doesn't show a linear relation for the system Fontinalis antipyretica-Pb(II) during all the biosorption process. 
